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ELECTRICALLY CONDUCTING POLYMERS:
SCIENCE AND TECHNOLOGY

Arthur J. Epstein

Department of Physics and Department of Chemistry, The Ohio State University,
Columbus, Ohio, 43210-1106

Introduction

For the past 50 years, conventional insulating polymer systems have been
increasingly used as substitutes for structural materials such as wood, ceramics, and metals
because of their high strength, light weight, ease of chemical modification/customization,
and processability at low temperatures. In 1977, the first intrinsic electrically conducting
organic polymer, doped polyacetylene, was reported,’ spurring interest in “conducting
polymers.” These polymers are completely different from conducting polymers which are
merely a physical mixture of a non-conductive polymer with a conducting material such as
metal or carbon powder. Though initially these intrinsically conducting polymers were
neither processable nor air stable, new generations of these materials now are processable
into powders, films and fibers from a wide variety of solvents, and also are air stable.”?
Some forms of these intrinsically conducting polymers can be blended into traditional
polymers to form electrically coqductive blends. The electrical conductivities of the
intrinsically conducﬁng-[)_(_ilymer syétems now range from that typical of insulators (<10-10
S/cm [10-10 (Q'-cm)™]) to that typical of semiconductors such as silicon (~10-5 S/cm) to
greater than 104 S/cm (nearly that of a good metal such as copper, 5 X 105 S/cm).*
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Applications of these polymers, especially polyanilines, have begun to emerge. These

include coatings and blends for electrostatic dissipation and electromagnetic interference

(EMI) shielding, electromagnetic radiation absorbers for welding (joining) of plastics,




conductive layers for light emitting polymer devices, and anticorrosion coatings for iron

and steel.

The common electronic feature of pristine (undoped) conducting polymers is the 7-
conjugated system which is formed by the overlap of carbon p, orbitals and alternating

%67 (In some systems, notably polyaniline, nitrogen p,

carbon-carbon bond lengths.
orbitals and Cg rings also are part of the conjugation path.*®) Figure 1 shows the chemical
repeat units of the pristine forms of several families of conducting and semiconducting
polymers, ie., trans- and cis-polyacetylene [(CH)il, poly(1,6-heptadiyne), the
lencoemeraldine base (LEB), emeraldine base (EB) and pernigraniline base (PNB) forms of
polya.iine (PAN), polypyrrole (PPy), polythiophene (PT), poly(p-phenylene) (PPP),
poly(p-phenylene vinylene) (PPV), polypyridine (PPyr), and poly(p-pyridyl vinylene)

(PPyV).

Electronic Structure and Insulator-to-Conductor Transition

The electronic ground states of each of these polymers is that of an insulator, with a
forbidden energy gap between filled and empty energy levels. For undoped trans-(CH)x
the energy gap arises from the pattern of alternating single (long) and double (short)
bonds>®’ with an additional contribution due to electron-electron Coulomb repulsion. '’
Interchange of short and long bonds results in an equivalent (degenerate) ground state.
Poly(1,6-heptadiyne)'! and the pernigraniline oxidation state of PAN'? and their derivatives
also have two-fold degenerate ground states; that is, single and double bonds (benzenoid
and quinoid rings for the pernigraniline base polymer) can be interchanged without
affecting the ground state energy. The remaining polymers illustrated in Figure 1 and their
derivatives have nondegenerate ground states; that is, interchange of single and double
bonds leads to electronic structures of different energy.

The conductivities of the pristine electronic polymers are transformed from

insulating to conducting through the process of doping, with the conductivity increasing as



the doping level increases.”’ Both n-type (electron donating, e.g., Na, K, Li, Ca,
tetrabutylammonium) and p-type (electron accepting, €.g., PF, BF4, Cl, AsFg) dopants
have been utilized to induce an insulator-to-conductor transition in electronic polymers.
The doping procedures differ from conventional ion implantation used for three-
dimensional semiconductors, typically being carried out by exposing the polymer films or
powders to vapors or solutions of the dopant, or electrochemically. (In some
circumstances, the polymer and dopant are dissolved in the same solvent before forming
the film or powder.) Unlike substitutional doping as occurs for conventional
semiconductors, in electronic polymers the dopant atomic or molecular ions are positioned
interstitially between chains, and donate charges to or accept charges from the polymer
backbone. The polymer backbone and dopant ions form new three-dimensional structures.
There is a rich variety in these structures, with differing structures occurring for different
dopant levels and variations in the processing routes, and a wide range of degrees of local
order.""*

The negative or positive charges initially added to the polymer chain upon doping
do not simply begin to fill the rigid conduction band (Lowest Unoccupied Molecular Orbital
or LUMO level) or valence band (Highest Occupied Molecular Orbital or HOMO level),
immediately causing metallic behavior. The strong coupling between electrons and
phonons (vibrations) causes distortions of the bond lengths in the vicinity of the doped
charges.7 For the degenerate ground state polymers, charges added to the backbone at low
doping levels or upon photoexcitation are stored in charged soliton and polaron states.”
7151617 For nondegenerate systems, the charges introduced at low doping levels or
photoexcitation are stored as charged polarons or bipolarons (e.g., for PT, PPy, PPV,
PPP, and LEB and EB forms of polyaniline).'* Photoexcitation also leads to generation of
neutral solitons in degenerate polymers'®? and neutral excitons in nondegenerate polymers
(important for polymer-based light emitting devices).*"**** At high doping levels of trans-

polyacetylene, it is proposed that the soliton energy levels essentially overlap the filled




valence and empty conduction bands leading to a conducting polymer.****  For
nondegenerate polymers, high doping results in polarons interacting to form a “polaron
lattice” or electrically conducting partialy filled energy band.*?”?* Some models suggest
equilibrium between polarons and bipolarons.?

In contrast to the n- and p-type doping processes applied to polyacetylene,
polypyrrole, polythiophene, leucoemeraldine base, etc., for the polyaniline emeraldine base
(EB) form, the conductivity varies with proton (H" ion) doping level (protonic acid
doping). In the protonation process, there is no addition or removal of electrons to form
the couducting state.2® Figure 2 sch;imatically demonstrates the equivalence of protonic
acid doping of emeraldine base and p-doping of leucoemeraldine base to form the
conducting emeraldine salt. Both inorganic acids, such as HCl, and organic acids such as
HCSA (camphor sulfonic acid), are effective,*® with the organic sulfonic acids leading to
solubility in a wide variety of organic solvents, such as chloroform and m-cresol.>’ The
protonic acid may also be covalently bound to the polyaniline backbone, as has been
achieved in the water soluble sulfonated polyanilines,’”” Figures 3a and 3b. Similar
electronic behavior has been observed for protonic acid doped PAN as for the other
nondegenerate ground state systems.?*?”** That is, polarons are important at low doping
levels, and, for doping into the highly conducting state, a polaron lattice (partially filled
energy band) forms. Polaron pairs, or bipolarons are formed in less ordered regions of
doped polymers.**

Doped polyacetylene has been the prototype system since the initial x‘eportl of the
achievement of a conductivity of 6~100 S/cm upon doping with iodine and other acceptors.
Subsequently, (CH), was synthesized by alternate routes that yielded higher conductivities
upon doping.***¢*" The room temperature dc conducﬁvity (ope) for doped films of some
of these new materials has been reporte:d35 to be as high as ~10° S/cm, rivaling that of
traditional metals (Gpc~ 10*~ 6 x 10° S/cm). Recent advances in the processing of other

conducting polymer systems have led to improvements in their opc to the range of ~10° -



10* S/cm. It is noted that the absolute value of the highest conduciivities achieved remains
controversial. With these improvements in Gp, many traditional signatures of an intrinsic
metallic nature have become apparent, includirg negative dielectric constants, a Drude
metallic response, temperature independent Pauli susceptibility, and a linear dependence of
thermoelectric power on temperature. However, the conductivities of even new highly
conducting polymers, though comparable to traditional metals at room temperature,
generally decrease as the temperature is lowered. ~ Some of the most highly conducting
samples remain highly conducting though even in the millikelvin range.

Since there is still a great diversity in the properties of materials synthesized by even
the same synthetic routes, correlated structural transport, magnetic, and optical studies of
the same materials are important. Figure 4 presents representative values’ of the room
temperature conductivities reported for the most widely studies doped conducting
polymers. Also indicated is the dopant utilized for each value shown. The conductivities
of each of these systems increase by more than 10 orders of magnitude upon doping the
pristine polymer. The conductivity of a polymer, for example HCSA doped polyaniline,
can vary greatly both in magnitude and temperature dependence as a result of processing in
different solvents. The effect of solvent and solvent vapors on the structural order and
subsequent electrical conductivity of intrinsically conducting polymers, especially

polyanilines, is termed ™’ ¢

secondary doping.”
Models ror Electrical Conductivity

Much work has focused on the nature of the charge carriers in the highly doped
metallic state. Even though there is a high density of conduction electrons at the Fermi
level (chemical potential) for the highly doped state, the carriers may be spatially localized
so they cannot participate in transport except through hopping.z’4 The prime source of
localization which has been studied is structural disorder in the polymers.13 X-ray

diffraction studies of these systems show that they are generally of modest crystallinity,




with regions of the material which are more ordered while other regions are more
disordered. Also, the fibrillar nature of many of the conducting polymers may lead to
localization by reducing the effective dimensionality of the electrons delocalized in a bundle
of polymer chains. Figure 5 presents a schematic view of the inhomogeneous disorder in
these doped polymers, with individual polymer chains passing through both ordered
regions (typically 3 - 10 nm accross) and disordered regions. The percent ‘crystallinity’
may vary from near zero to 50 or 60% for polypyrroles and polyanilines, respectively, to
greater then 80% for polyacetylenes. It is noted that the chains in the disordered regions
may be either relatively straight, tightly coiled, or intermediate in disorder.

In a perfect crystal with periodic potentials, electron wave functions form
delocalized Bloch waves.*® Impurities and lattice defects in disordered systems introduce
backward scattering of these electron waves with resulting*® “Anderson localization.” The
electronic structure of the system strongly depends on the degree of disorder. The energy
fluctuation in the random potentials broadens the bandwidth and creates smooth “band
tails.” Due to these band tails, the original band gap between the conduction and the
valence bands of a semiconductor may be closed. The ramifications, including a finite
density of states N(Eg) produced at the Fermi level Ep between mobility edges, were
discussed by Sir Neville Mott.**  When the Fermi level lies in the localized region, the
conductivity at zero temperature is zero even for a system with a finite density of states.
The Mott variable range hopping (VRH) model is applicable to systems with strong
disorder such that the disorder energy is much greater than the band width. The general
form of the temperature dependent conductivity o of Mott’s model is described as ¢ =
coexpl-(Ty/T)1/+D], where d is the dimensionality and, for three-dimensional systems,
TFClkBN(EF)La (c is the proportionality constant, kg the Boltzman constant, and L the
localization length). If the Fermi level is at an energy such that the electronic states are
extended, then finite conductivity at zero temperature is expected. This model assumes that

the substantial disorder is homogeneous through the isotropic three-dimensional sample.



Other external parameters such as magnetic field or pressure can affect the
localization/delocalization transition and the localization lengths. This model has received
much ¢ xperimental attention for doped and ion implanted polymx=:r‘s.,2’4’42

For an isolated one-dimensional metallic chain localization of charge carriers arises
for even weak disorder because of quantum interference due to static back-scattering of
electrons.®! This contrasts to the strong disorder required for localization in three-
dimensional systems. The localization effects in the inhomogeneously disordered (partially
crystalline) conducting polymers are proposed to originate from one-dimensional

localization in the disordered regions. The inhomogenous disorder model***

represents
the doped polymer as relatively ordered regions (or “crystalline islands") interconnected
through polymer chains traversing disordered regions, Figure 5. The individual polymer
chains often are longer then the island and inter-island length scales. Within this model,
conduction electrons are three-dimensionally delocalized in the “crystalline” ordered regions
(though the effects of paracrystalline disorder may limit delocalization within these
regions). In order to transit between ordered regions, the conduction electrons must
diffuse along electronically isolated chains through the disordered regions where the
electrons readily become localized. The localization length of these electrons depends the
details of the disorder (e.g., electrons traveling along tightly coiled chains are expected to
have much shorted localization lengths then electrons traveling along expanded coil or
relatively straight chains). Phonon-induced increases in the localization length increases the
conductivity v..th increasing temperature. This model accounts for localized behavior at
low temperature despite conductivities at room temperature in excess of the Mott minimum
conductivity. Three-dimensional crystalline order facilitates delocalization. It has been
shown that nematic-like order can also increase delocalization, though less effectively. If

the localization length for some conduction electrons exceeds the separation between the

ordered regions then the total delocalization will be substantially enhanced.




For conventional metals, many of the electrical transport properties can be described
by the Drude model®® within which electrons are treated as free particles in a gas with a
single scattering time T. Despite its simplified assumptions, the Drude model explains high
and frequency independent conductivity of traditional metals from dc to the microwave
(~10"° Hz) frequency range, and a real part of the dielectric constant (gr) which is negative
below the screened plasma frequency (wp? = 4ntne/m*ep; n is the density of carriers, m* is
the carrier effective mass, and €y, is the background dielectric constant). Within the low
frequency Drude limit (@t << 1), the Drude response can be deduced as & = - (212 and &

= 0)p2‘t/(1), where g; is the imaginary part of the dielectric constant.

Electrical Conductivity of Conducting Polymers

The temperature dependent conductivity [6(T)] of heavily iodine doped (CH), and
hexafluorphosphate (PFg) doped PPy down to mK range vary as a function of aging
(disorder).*® The highest o, at room temperature reported in this study is ~5 X 10* S/em
for I3 doped T-(CH), and ~ 10° S/cm for the highest conducting PPy(PFs). For both of
these materials, the conductivity decreases with decreasing temperature to a minimum at Ty,
~ 10 K. Below Ty, © increases by ~20% and then is constant to 1 mK. Some highly
conducting preparations of PAN-CSA show similar behavior. Samples of the same
chemical composition but prepared from different solvents may have different local order,
thus very differnt conductivities. Less highly conducting samples of doped polyacetylene,
doped polyanline, and doped polypyrrole become insulating at low termperatures.

Hydrochloric acid as well as camphor sulfonic acid doped polyaniline prepared in
chloroform often have® log © proportional to T as expected for quasi-one-dimensional
variable range hopping (VRH), 6 = 6 exp[-(To/T)1/2], where To=16/{kgN(Ep)Lz]. Here L
is the one-dimensional localization length and z the number of nearest neighbor chains.
Generally, the higher conductivity samples have a weaker temperature' dependence at low

temperatures (To~700-1000 K for T<80 K), and lower conductivity samples a stronger



temperature dependence (To~4000 K). The smaller T, for the more highly conducting
samples has been associated with weaker localization due to improved intrachain and

interchain order.

Microwave Frequency Dielectric Constant

The microwave frequency dielectric constant provides a measure of the charge
delocalization in individual samples. The low temperature dielectric constant, €mw, for a
series of emeraldine hydrochloride samples is proportional to the square of the crystalline
coherence length, £2, independent of the direction of orientation of the sample with regard
to the microwave frequency electric field.*® This demonstrates that the charge is delocalized
three-dimensionally within the crystalline regions of these samples. Using a simple
metallic box model, € = €. + (292/13)e2ZN(EF)L2, and taking for the low temperature
localization length the x ray crystalline correlation length determined by x ray diffraction,
N(Eg) 1.23 state/(eV 2-rings) (0.088 state/eV-(C+N)) for PAN-HCL. This compares very
favorably with the value obtained from magnetic susceptibility experiments.

The sign, magnitude, and temperature dependence of the 6.5 % 10° Hz dielectric
constant for very highly conducting T-{CH(I3),]x, PPy-PFs, and m-cresol prepared PAN-
CSA are quite striking. >**** For example, PAN-CSA (m-cresol) has a metallic negative
dielectric constant (-4 x 10%) and features a maximum in microwave frequency conductivity
at ~180 K. A similar large and negative value of €,, and temperature dependence Of €m
were determined for heavily iodine doped stretched Tsukamoto polyacetylene (-1.5 x 106)
and PF¢ doped polypyrrole (-1 x 105). Using the Drude model for low frequencies (@t <
1), a plasma frequency of @,=0.015 eV (120 cm’") and a room temperature scattering time
of ~ 1.2 x 10-11 sec were calculated for the PAN-CSA (m-cresol) system, though the exact

values correlate with the sample preparation conditions. Similar values are obtained for

heavily iodine doped stretched Tsukamoto polyacetylene and PF¢ doped polypyrrole.

These values of ®, are much smaller than one expects from the usual Drude model,




suggesting that only a small fraction of the conduction band electrons participate in this low
frequency plasma response. Similarly, the value of T is two orders of magnitude larger
than usual for an alkali, noble, or transition metal. The origin of the anomalously large
scattering time was suggeste:d43 to be the ineffectiveness of forward scattering of
conduction electrons in the metallic state and the need for backward scattering (i.e., the
Fermi surfaces of metallic polyaniline, polyacetylene, and polypyrrole are “open” as

expected for highly anisotropic materials, and backward scattering from kr to -kr may be

necessary for momentum relaxation).

Optical Dielectric Function
For the conducting forms of doped polyacetylene and other conducting polymers,
there are zero, two, three, or one zero crossings of the real part of the dielectric function

244 Por the least conducting materials, € remains

(e1) as the frequency is decreased.
positive for the entire optical frequency range (50-50 000 cm’'), reaching values of several
hundred at microwave frequencies. For higher conductivity materials, €, Crosses zero
between 1 and 3 eV (the all-conduction-electron plasma response) and then becomes
positive again below 1000 cm’’, reaching values in excess of 10* at microwave
frequencies. For the most metallic samples, two behaviors have been reported dependent
upon the system. For doped PAN and PPy with ogc ~ 400 S/cm, g; demonstrates the
previous two zero crossings, and a third zero crossing occurs to negative values at a
“delocalized conduction electron plasma frequency” of several hundred wavenumbers.
Figure 6 illustrates this range of behaviors for three differently doped samples of
polyaniline. For very highly conducting doped polyacetylene, €, crosses zero at the all

conduction electron plasma frequency and remains negative to the lowest measured optical

frequencies.*®

10



Electromagnetic  Interference  Shielding, Electromagnetic  Radiation
Absorption, and Joining of Plastics

With the rapid advances and hroad implementation of computer and
telecommunication technologies there is an increased interest in shielding of electromagnetic
interference (EMI) (especially in the radio and microwave frequency ranges). The usual
shielding techniques focus on the use of standard metals and their composites, which have
disadvantages due to limited physical flexibility, heavy weight, corrosion, difficulty of
tuning the shielding efficiency, and recycleability.

Intrinsically conducting polymers are promising materials for shielding
electromagnetic (EM) radiation and reducing or eliminating EMI because of their relatively
high conductivity and dielectric constant and ease of control of their ¢ and € through
chemical processing.*” Also, they are relatively lightweight compared to standard metals,
flexible, and do not corrode as common metals. Among intrinsically conducting polymers,
the microwave frequency conductivity (Gpw) are dielectric constant (€mw) of polyaniline
particularly are controllable through chemical processing (e.g., stretch ratio, molecular
weight, doping level, counter ion, solvent, etc.).

The total shielding efficiency of conducting polymers increases as the thickness of
the polymer film increases, with the relative contribution of reflection and absorption of
radiation being dependent on the polymer preparation methods and resulting structural
order. Figure 7 illustrates how the total shielding efficiency (SEr) of representative
conductive polymers is calculated to vary with thickness. The shielding capabilities are in
the range of utility for many commercial (~ 40 dB) and military (~ 80 - 100 dB)
applications. Blends of conducting and non-conducting polymers may also be applicable
for shielding needs. £xamples of areas of potential application range from reduced
emissions from cellular telephones to “drop cloths” for reduced radar cross-section.

The development of intrinsically conductive polymers, especially polyanilines,

provides an opportunity for use of conductive polymers in welding (joining) of
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thermoplastics and thermosets. Either a pure intrinsically conducting polymer film or a
gasket prepared from a compression molded blend of the intrinsically conductive polymer
and a powder of the thermoplastic or thermoset to be blended is placed at the interface
between two plastic pieces to be joined. Exposure to microwave frequency radiate results
in heating of the joint and subsequent fusing (welding).*® The resulting joint may be as
strong as that of the pure compression molded thermoplastic or thermoset, as illustrated on
the cover of this issue for a joint of two high density polyethylene (HDPE) bars using a
gasket of HDPE and PAN doped with HCL. In this figure it is apparent that the HDPE bar
=nder tension yields at a location other than the intrinsically conducting polymer formed
joini. Dependent upon the chemical composition of the conducting polymer and the
dopants used, the resulting joint may be permanent (ie., the conducting polymer is
rendered non-conducting during the joining process) or reversible (i.e., the conducting
polymer remaining is sufficiently conducting to allow subsequent absorption of

electromagnetic radiation to heat the joint hot enough for separation of the parts).

Polyaniline-based anticorrosion coatings

The corrosion of steel has long been an important problem, causing losses in excess
of 100 billion dollars annually world wide. Various methods have been devised to combat
corrosion, including chrome treatment of steel surfaces, pickling inhibitors, sacrificial zinc
layers, etc. In practice, almost all methods of corrosion protection work in one of the
followirg ways: (I) cathodic protection, i.e., charge (¢ is donated to the steel from a
sacrificial material, (ii) anodic protection, i.e., charge is withdrawn from the steel, or (ii1)
the steel surface is sealed off from corrosive attacks by a surface layer of another material
commonly a metal oxide.

Efforts are presently underway to develop methods of corrosion protection of steel
that are more effective and also more environmentally friendly than the present techniques.

Among the more frequently studied polymers used for corrosion protection of steel is

12



polyaniline and its derivatives.  Although the initial work of DeBerry studied
electrochemically Zzposited polyaniline, later studies concentrated on solution deposited
doped polyaniline. *° Polyaniline has been shown to have corrosion protecting capabilities
both when doped*® and neutral.’® For example, the emeraldine base form of polyaniline
has been used in studies of corrosion protecting undercoats on steel and iron samples.
Using X-ray photoelectron spectroscopy, the anti-corrosion performance of various
application methods of the emeraldine base layer was studied, as well as the mechanism for
corrosion protection. Emeraldine base polyaniline undercoats were found to offer
corrosion protection for both the cold rolled steel and iron samples. The degree of
protection did vary depending on the thickness of the iron oxide layer at the polymer/metal
interface as well as on the thickness of the top oxide layer. The best results were achieved
when both the top and interfacial oxide layers were removed prior to the polymer
deposition. The mechanism for corrosion protection was found to be anodic, i.e., the
polyaniline film withdraws charge from the metal, pacifying its surfaces against corrosion.
Large values (up to ~1.5 cm) of throwing power were obtained for emeraldine base

protected cold rolled steel.

Transparent Electrodes for Light Emitting Polymers

There is a need for low voltage, reliable operation of light emitting polymer devices.
One approach to improving the operation of these devices is to overcoat the transparent
conducting indium tin oxide electrode with a layer of nearly transparent conducting
polymer, especially polyaniline,’" or incorporating networks of conducting polymer fibers

in the light emitting polymers.*

Use of layers of the semiconducting emeraldine base to
sandwich some light emitting polymer layers has resulted in a symmetrically configured
alternating current light emitting (SCALE) polymer device that operates in both dc and ac

modes.>?

13




Summary

Intrinsically conducting polymers are a broad class of (often) processable materials
based unon doped m conjugated polymers. Their conductivities vary from that of
insultators through to that of semiconductors and even good metals. A wide variety of
electronic phenomena are observed. Because of the broad choice of materials and

properties, this class of polymer is potentially of use in a large number of technologies.

Acknowledgment

Stimulating collaborations with many scientists have contributed to the perspective
presented here. Iam deeply indebted to A.G. MacDiarmid, J.P. Pouget, V. Prigodin, G.
Thas, T. Ishiguro, Y. Min, D. Tanner, and L. Zuppiroli are for extensive and stimulating
discussions and collaborations. Contributions by those at The Ohio State University,
especially J. Joo, R. Kohlman, Y.Z. Wang, and Z.H. Wang are particularly important.
This work was supported in part by NSF DMR-9508723, NIST ATP 1993-01-0149 and

ONR.

14



Figure Captions

1. Repeat units of several electronic polymers.

2. Tllustratior of the oxidative doping (p-doping) of leucoemeraldine base and protonic
acid doping of emeraldine base, leading to the same final product, emeraldine salt.

3. Schematic illustrations of (a) 50% sulfonated and (b) 100% sulfonated polyanilines
(self-doped forms).

4. Overview of conductivity of conducting polymers at room temperature. (a) stretched
[CH(13)]x (from Ref. 38a), (b) stretched [CH(13)]lx (from Ref. 38b), (c) [CH(13)]x (from
wef. 38¢), ‘d) [CH(Iy)], (from Ref. 38d), (d’) (CH(l3)]x (from Ref. 38¢), (e) stretched
PAN-nill (from 38f), (f) PAN-CSA from m-cresol (from Ref. 38g), (g) PAN-CSA from
m-cresol (from Ref. 38h), (h) PAN derivative: poly(o-toluidine) POT-CSA fiber from m-
cresol (from Ref. 38i), (i) POT-HCI (from Ref. 38j), (j) sulfonated PAN (from Ref. 38k),
(k) stretched PPy(PF) from (Ref. 381), (1) PPy(PFs) (1") PPy(TsO) (from Ref. 38m, 38n),
(m) iodine doped poly(dodecylthiophene) (from Ref. 380), (n) FeCl, doped PT (from Ref.
38p), (0) PPV(H,S0,) (from Ref. 38q), (p) PPP(AsFs) (from Ref. 38r), (q) YKr
implanted (polyphenylenebenzobisoxazole) (from Ref. 38s), (r) undoped trans-(CH, (from
Ref. 38t), (s) undoped cis-(CH)y from (Ref. 38u), (1) undoped PAN (EB) (from Ref. 38v)
(u) undoped PPy (from Ref. 38w), (v) undoped PT (from Ref. 38p (w) undoped PPV
(from Ref. 38x), (x) undoped PPP (from Ref. 38y). The conductivity reported for the
undoped polymers should be considered an upper limit due to the possibility of impurities.
5. Scl..matic view of the inhomogeneous disorder in these doped polymers, with
individual polymer chains passing through both ordered regions (typically 3 - 10 nm
accross) and disordered regions (of length ‘s’).

6. Real part of room temperature dielectric repsonse versus frequency for (A) PAN-CSA
(m-cresol), (B) PAN-CSA (chloroform/m-cresol), and (C) Pan-HCL (‘intermediate cross
linked’). From Ref. 2.
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7. Thickness dependence of total shielding efficiency (SET) of highly conducting
polymers: (A) stretched heavily iodine doped Tsukamoto polyacetylene, (B) camphor

sulfonic acid doped polyanline cast from m-cresol solvent, (C) PF¢ doped polypyrrole.

16



References

I C.K. Chiang, C.R. Fincher, Jr., Y. W. Park, AJ. Heeger, H. Shirakawa, E.J. Louis, S.C. Gau, and
A.G. MacDiarmid, Phys. Rev. Lett. 39 (1977) p. 1098.

2 Kohlman, J. Joo, and A.J. Epstein, in Physical Properties of Polymers Handbook, edited by J.E.
Mark, (AIP Press, 1996), Chapter 34, p. 453.

3 Proc. International Conference on Science and Technology of Synthetic Metals, Seoul, Korea, 24-29
July 1994, (Synth. Met. 69-71, 1995); Proc. International Conference on Science and Technology of
Synthetic Metals, Snowbird, Utah, 28 July-2 August 1996 (Synth. Met. 84-86, 1997).

4Kohlman and A.J. Epstein, in Handbook of Conducting Polymers, edited by T. Skothern, R.L.
Elsenbaumer, and J. Reynolds (Marcel Dekker, Inc., New York) in press.

5D. Baeriswyl, D.K. Campbell, and S. Mazumdar, in Conjugated Conducting Polymers , edited by H.G.
Keiss (Springer-Verlag, Berlin, 1992), p. 7.

6 E.M. Conwell, IEEE Transactions on Electrical Insulation EI-22 (1987) p. 591.

7 AJ. Heeger, S.A. Kivelson, J.R. Schrieffer, and W.P. Su, Rev. Mod. Phys. 60 (1988) p. 781.

8 J. M. Ginder and A.J. Epstein, Phys. Rev. B 41 (1990) p. 10674

9 J. Libert, J.L. Brédas, and AJ. Epstein, Phys.Rev. B 51 (1995) p. 5711.

10E Jeckelmann and D. Baeriswyl, Synth. Met. 65 (1994) p. 211; S.N. Dixit and S. Mazumdar, Phys.
Rev. B 29 (1984) p. 1824; W.K. Wu and S. Kivelson, Phys. Rev. B 33 (1986) p. 8546; C. Wu, X.
Sun, and K. Nasu, Phys. Rev. Lett. 59 (1987) p. 831.

1! 4 W. Gibson, F.C. Bailey, A.J. Epstein, H. Rommelmann, S. Kaplan, J. Harbour, X.-Q. Yang, D.B.
Tanner, and J.M. Pochan, J. Am. Chem. Soc. 105 (1983) p. 4417.

12 M C. dos Santos and J. L. Brédas, Phys. Rev. Lett. 62 (1989) p. 2499; ] M. Ginder and A.J. Epstein,
Phys. Rev Lett. 64 (1990) p. 1184.

13§ P. Pouget, Z. Oblakowski, Y. Nogami, P.A. Albouy, M. Laridjani, E.J. Oh, Y. Min, A.G.
MacDiarmid, J. Tsukamuto, T. Ishiguro, and A.J. Epstein, Synth. Met. 65 (1994) p. 131.

4 N.S. Murthy, G.G. Miller, and R.H. Baughman, J. Chem. Phys. 89 (1988) p. 2523.

1S WP. Su, J.R. Schrieffer, and A.J. Heeger, Phys. Rev. Lett. 42 (1979) p. 1698.

16§ A. Brazovskii, Sov. Phys. JETP, Lett. 28 (1978) p. 606.

7 MLJ. Rice, Phys. Lett. 71A (1979) p. 152.

18 D K. Campbell and A.R. Bishop, Phys. Rev. B 24 (1981) p. 4859.

19 § Kivelson and W.K. Wu, Phys. Rev. B 34 (1986) p. 5423.

2 ¥ Wei, B.C. Hess, Z.V. Vardeny, and F. Wudl, Phys. Rev. Lett. 68 (1992) p. 666.

2 | A. Mizes and E.M. Conwell, Phys. Rev. B 50 (1994) p. 11243.

2 NF. Colaneri, D.D.C. Bradley, R.H. Friend, P.L. Burn, A.B. Holmes, and C.W. Spangler, Phys. Rev.
B 42 (1990) p. 11670.

3 M. Yan, L.J. Rothberg, F. Papadimitrakoupoulos, M.E. Galvin, and T.M. Miller, Phys. Rev. Lett. 72
(1994) p.156.

% E M. Conwell, H.A. Mizes, and S. Javadev, Phys. Rev. B 40 (1989) p. 1630.

2§ Stafstrom, Phys. Rev. B 43 (1993) p. 12437.

% A.J. Epstein, JM. Ginder, F. Zuo, R.W. Bigelow, H.-S. Woo, D.B. Tanner, A.F. Richter, W.-S.
Huang, and A.G. MacDiarmid, Synth. Met. 18 (1987) p. 303.

71§, Strafstrom, J.L. Brédas, A.J. Epstein, H.S. Woo, D.B. Tanner, W. S. Huang, and A.G. MacDiarmid,
Phys. Rev. Lett. 59 (1987) p. 1474

B [ 1. Brédas, B. Thémans, J.G. Fripiat, ] M. Andréh, and R.R. Chance, Phys. Rev. B 29 (1984) p. 6761.
® E, Genoud, M. Guglielmi, M. Nechtschein, E. Genies, and M. Salmon, Phys. Rev. Lett. 55 (1985) p.
118.

% A G. MacDiarmid and A.J. Epstein, Synth. Met. 65 (1994) p. 103.

31Y. Cao and A.J. Heeger, Synth. Met. 52 (1992) p. 193.

2 J Yue and A.J. Epstein, J. Am. Chem. Soc. 112 (1990) p. 2800; W. Lee, G. Du, S.M. Long, S.
Shimizu, T. Saitoh, M. Uzawa, and A. J. Epstein, Synth. Met. in press.

% M. Bartonek and H. Kuzmany, Synth. Met. 41-43 (1991) p. 607; K. Mizoguchi, T. Obana, S. Ueno,
and K. Kume, Synth. Met. 55-57 (1993) p. 601; F. Genoud, M. Nechtschein, and C. Santier, Synth. Met.
§5.57 (1993) p. 642. .

% M.E. Jozefowicz, R. Laversanne, H.H.S. Javadi, A.J. Epstein, J.P. Pouget, X. Tang, and AG.
MacDiarmid, Phys. Rev. B 39 (1989) p. 12958.

3 J. Tsukamoto, Adv. In Phys. 41 (1992) p. 509.

3% H. Naarmann and N. Theophilou, Synth. Met. 22 (1987) p. 1.

17




¥ H. Shirakawa, Y.-X. Zhang, T. Okuda, K. Sakamaki, and K. Akagi, Synth. Met. 65 (1994).

% (a) J. Tsukamoto, Adv. in Phys. 41 (1992) p. 509; (b) H. Naarmann and N. Theophilou, Synth. Met.
22 (1987) p. 1, (c) H. Shirakawa, and S. Ikeda, J. Polm. Sci. Polym. Chem. Ed. 12, (1974) p. 11; (@) J.-
C. Chiang and A.G. MacDiarmid, Synth. Met. 13, (1986) p. 193; (d’) AJ. Epstein, H. Rommelmann, R.
Bigelow, H.W. Gibson, D.M. Hoffman, and D.B. Tanne:, Phys. Rev. Lett. 50 (1983) p. 1866; (¢) P.N.
Adams, P. Laughlin, A.P. Monkman, and N. Bernhoeft, Solid State Commun. 91, (1994) p. 895; the
value of conductivity reported in Fig. 4 is for samples kindly provided by Monkman and coworkers, and
measured at The Ohio State University; (f) Y. Cao, P. Smith, and A.J. Heeger, Synth. Met. 48, (1992) p.
91; (g) J. Joo, Z. Oblakowski, G. Du, J.P. Pouget, E.J. Oh, .M. Weisinger, Y. Min, A.G. MacDiarmid,
and A.J. Epstein, Phys. Rev B 49 (1994) p. 2977; (b) Y.Z. Wang, J. Joo, C.-Hsu, J.P. Pouget, and A.J.
Epstein, Phys. Rev. B 50 (1994) p. 16811; (i) Z.H. Wang, H.H.S. Javadi, A. Ray, A.G. MacDiarmid,
and A.J. Epstein, Phys. Rev. B 42 (1990) p. 5411; (j) J. Yue, Z.H. Wang, K.R. Cromack, A.J. Epstein,
and A.G. MacDiarmid, J. Am. Chem. Soc. 113 (1991) p. 2655; (k) M. Yamaura, T. Hagiwara, and K.
Iwata, Synth. Met. 26 (1988) p. 209; (1) R.S. Kohlman, J.Joo, Y.Z. Wang, J.P. Pouget, H. Kaneko, T.
Ishiguro, and A.J. Epstein, Phys. Rev. Lett. 74 (1995) p. 773; K. Sato, M. Yamaura, T. Hagiwara, K.
Murata, and M. Tokumoto, Synth. Met. 40 (1991) p. 35; (m) R.D. McCullough, S.P. Williams, S.
Tristran-Nagle. M. Jayaraman, P.C. Ewbank, and L. Miller, Synth. Met. 69 (1995) p. 279; (n) J.-E.
Osterholm, P. Passiniemi, H. Isotalo, and H. Stubb, Synth. Met. 18 (1987) p. 213; (o) T. Ohnishi, T.
Nogu:-*®, T. Nakano, M. Hirooka, and I. Murase, Synth. Met. 41-43 (1991) p. 309; (p) L.W. Shacklette,
R.R. Chance, D.M. Ivory, G.G. Miller, and R.H. Baughman, Synth. Met. 1 (1979) p. 307; (@) G. Du,
V.N. Prigodin, A. Bumns, C.S. Wang, and A.J. Epstein, submitted; (r) A.J. Epstein, H. Rommelmann, M.
Abkowitz, and H.W. Gibson, Phys. Rev. Lett. 47 (1981) p. 1549; (s) A.J. Epstein, H. Rommelmann, and
H.W. Gibson, Phys. Rev. B 31 (1985) p. 2502; (t) F. Zuo, M. Angelopoulos, A.G. MacDiarmid, and
A.J. Epstein, Phys. Rev. B 39 (1989) p. 3570; (u) J.C. Scott, P. Pfluger, M.T. Krounbi, and G.B. Street,
Phys. Rev. B 28 (1983) p. 2140; (v) J.-E. Osterholm, P. Passiniemi, H. Isotalo, and H. Stubb, Synth.
Met. 18 (1987) p. 213; (w) G.E. Wnek, J.C. Chien, F.E. Karasz, and C.P. Lillya, Polymer 20 (1979) p.
1441; (x) L. W. Shacklette, R.R. Chance, D.M. Ivory, G.G. Miller, and R.H. Baughman, Synth. Met. 1
(1979) p. 307.

» C. Kittel, in Introduction to Solid State Physics (John Wiley & Sons, Inc., New York, 1986), p. 157.

“ P.W. Anderson, Phys. Rev. 109 (1958) p.1492.

“ N.F. Mott and E. Davis, in Electronic Processes in Non-Crystalline Materials (Clarendon Press, Oxford,
1979) p. 6.

“2 1 .W. Blatchford and A.J. Epstein, Am. J. Phys. 64 (1996) p. 120.

“ Z.H. Wang, A. Ray, A.G. MacDiarmid, and A.J. Epstein, Phys. Rev. B 43 (1991) p. 4373; 1. Joo,
V.N. Prigodin, Y.G. Min, A.G. MacDiarmid, and A.J. Epstein, Phys. Rev. B 50 (1994) p. 12226.

“ R.S. Kohlman, J.Joo, Y.Z. Wang, J.P. Pouget, H. Kaneko, T. Ishiguro, and A.J. Epstein, Phys. Rev.
Lett. 74 (1995) p. 773; R.S. Kohlman, J. Joo, Y.G. Min, A.G. MacDiarmid, and A.J. Epstein, Phys.
Rev. Lett. 77 (1996) p. 2766.

T, Ishiguro, H. Kaneko, Y. Nogami, H. Nishiyama, J. Tsukamoto, A. Takahashi, M. Yamaura, and J.
Sato Phys. Rev. Lett. 69 (1992) p. 660; H. Kaneko, T. Ishiguro, J. Tsukamoto, and A. Takahashi, Solid
State Commun. 90 (1994) p. 83.

4 J. Tanaka, C. Tanaka, T. Miyamae, M. Shimizu, S. Hasegawa, K. Kamiya, and K. Seki, Synth. Met.
65 (1994) p. 173.

4 N.F. Cowaneri and L.W. Shacklette, IEEE Trans. Instrum Meas. IM-41 (1992) p. 291; T. Taka, Synth.
Met. 41-43 (1991) p. 1177; 1. Joo and A.J. Epstein, Appl. Phys. Lett. 65 (1994) p. 2278.

“ A.J. Epstein, J. Joo, C.-Y. Wu, A. Benatar, C.F. Faisst, Jr., J. Zegarski, and A.G. MacDiarmid
infntrinsically Conducting Polymers: An Emerging Technology, edited by M. Aldissi (Kluwer Academic
Publishers, Netherlands, 1993) p. 165.

“ D.W. DeBerry, J. Electrochem. Soc. 132 (1985) p. 1022; N. Ahmad and A.G. MacDiarmid, Synth. Met.
78 (1996) p. 103; B. Wessling, Adv. Mater 6 (1994) p. 226, W-K. Lu, R.L. Elsenbaumer, and B.
Wessling, Synth. Met. 71 (1995) p. 2163; D.A. Wrobleski, B.C. Benicewicz, K.G. Thompson, and C.J.
Bryan, ACS Polymer Preprints 35 (1994) p. 265; Y. Wei, J. Wang, X. Jia, J-M. Yeh, and P. Spellane,
Polymeric Materials Science & Engineering 72 (1995) p. 563.

% §. Jasty and A.J. Epstein, Polymeric Materials Science & Engineering 72 (1995) p. 565; M. Fahlman,
S. Jasty, and A.J. Epstein, Synth. Met. in press

SU'S. Karg, J.C. Scott, J.R. Salem and M. Angelopoulos, Synth. Met. (1996) in press.

52Y. Yang, E. Westerweele, C. Zhang, P. smith, and A.J. Heeger, J. Appl. Phys. 77 (1995) p. 694.

18



$Y.Z. Wang, D.D. Gebler, L.B. Lin, ].W. Blatchford, S.W. Jessen, HL. Wang and AJ. Epstein, Appl.
Phys. Lett. 68 (1996) p. 894.

19




X

trans-polyacetylene cis-polyacetylene

X
polyaniline: leucoemeraldine (y=0), emeraldine (y=0.5), and pernigraniline (y=1)

poly(para-phenylene) poly(para-pyridine)

—N
<<>\\) \ 7/ \

poly(para-phenylene vinylene) poly(para-pyridiy! vinylene)

X

poly(1,6-heptadiyne)

Epstein, Fig. |




N N N N Emeraldine Base
| | Insulator
H H «

l +2 H* +2 CI- protonic acid doping

Cl Cr

3 + Emeraldine Salt
r?l < > rﬂOTO'ﬁ} Conductor

H H H H/,

2e +2Cl- oxidative doping

N N N N Leucoemeraldine Base
I | | l Insulator
H H H H/,

Epstein, Fig. 2




SO3 SO

=1
jgzj
T—-=t
[Ezj
~1

H

SO H' SO H* SO; SO5
+o .
e
H H H H/,
H3CO H3CO HsCO H3CO

Epstein, Fig. 3




loga (S/cm)
O\ (CHx  PAN_ PPy PT_ Othars
A A /r A A

8
(a)
i (b) ]
(c)
3 T ('()c()) ((“) -1 (M) '
g) —] ) (

2 (d) — ) = (:;-*
1 (@) (v — "=

0

-1

-2 (H{) —

-3

-4

.5 (r) =t

-8 (u) =

-7

-8

-9

-10% (s) — 1) — = (W) (x}—
-11 :

-12

-13

-14

-15
L

Epstein, Fig. &




—

Ordered Regions

Epstein, Fig. 5







200

150

S0

highly conducting polymers

L

20

40 80

Thickness (Lm)

Epstein, Fig. 7

80



